This paper investigates the formation mechanism of ribs on the outer wall of anodized TiO 2 nanotubes (NTs) prepared in a NaF/Glycerol electrolyte containing 2wt% of water. The effect of potential and time on the morphology of the NTs is evaluated along with growth efficiency (% of total charge at the electrode used to form the oxide) and X-ray Photoelectron Spectroscopy (XPS) measurements, providing an insight into the mechanism of formation of ribs. XPS analysis confirms the presence of fluorine, as TiF 6 2-, and carbon as impurities in the anodic film. The growth efficiency of the process decreases from ~70% at 10V to 55-58% at 20-30V and 14% at 40V. Similarly, the anodic growth factor (migration of ions expressed as the maximum radius of the "oxide cell" per applied potential, nm V -1 ) decreases at higher potentials, due to oxygen bubbles evolving at the anode at 20-40V and disrupting the anodizing process. The formation of gas bubbles also affects the morphology of the NTs; while NTs are smooth at 10V, oxide rings appear over the range 20-40V. Partial dissolution of the oxide rings due to fluorine ions eventually re-shapes the NTs forming ribs, whereas excessive dissolution over extended anodizing times tends to smoothen the NTs and eventually leads to collapse of the NTs. On the basis of these observations, we suggest oxygen evolution (requiring a minimum amount of water in the electrolyte and a sufficiently high potential 20-40V) plays a primary role on the formation of ribs on anodized TiO 2 NTs. Ribs are also observed on NTs grown in aqueous electrolytes, although since dissolution is more difficult to control the resulting structure is more irregular than in organic media.
 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 
Introduction
Since the first reports in 1999-2001 [1] [2] [3] , the synthesis of anodized self-organized titanium dioxide nanotubes (TiO 2 NTs) and their use in photo-catalysis, solar cells, biomedicine and sensing has been widely investigated [4] . The growth of anodized TiO 2 NTs is usually accomplished using fluorine containing aqueous [5] or organic [6] electrolytes. Until recently, the accepted growth mechanism was based on FieldEnhanced Oxide Dissolution (FAD) at the pore/tube base which is balanced with oxide formation at the Metal/ Metal Oxide (M/MO) interface. This balance ensures continuous anodization and growth of pores/tubes which leads to the formation of porous anodic aluminium oxide (AAO) [7] and anodic TiO 2 NTs [8] . However, an alternative mechanism has been proposed, that of a field-assisted 'plastic flow' model, where the barrier oxide at the M/MO interface is constantly displaced upwards to form the pore/tube walls for AAO [9, 10] , TiO 2 NTs [11] and other anodized self-organized (valve) metal oxides [4] . The 'plastic flow' mechanism is supported by experimental evidence involving the use of tracers to evaluate the movement of species within the anodic film. The displacement of material is a response to the stress generated by electrostriction [12] as a result of the high applied electric field, 10 6 -10 8 V cm -1 [13] and the volume expansion associated with oxidation process [14, 15] . Several studies [16] [17] [18] have reported some form of visco-plastic deformation of the anodic film, an important requirement to ensure outward displacement of the oxide. This ability to deform is also inferred from the behaviour of gas bubbles trapped within anodic alumina, which can expand without rupturing the film [19, 20] . One fascinating feature of TiO 2 NTs is the morphology of their outer wall. The amount of water in the electrolyte is a crucial factor that determines whether the NTs are smooth or exhibit a 'ribbed' appearance [21] . Ribs (also called ripples) are always observed in NTs grown in aqueous electrolyte, whereas NTs prepared in organic media can be either smooth or have ribs depending on whether the water content is below or above a critical amount (typically in the order of few wt%). Macak et al. [22] suggested that ribs formed by an aqueous electrolyte are a result of current oscillations due to periodic pH bursts at the nanotube base. Recently, Berger et al. [23] provided evidence of the existence of a fluorine rich layer at the triple points between TiO 2 NTs pore cells, supporting our earlier observations [24] . Assuming dissolution is accelerated by the higher fluorine content, this layer is thought to be responsible for the transition from TiO 2 nanopores to nanotubes in organic electrolytes [25, 26] . The formation of ribs would then occur intermittently as a consequence of the fluorine rich electrolyte penetrating between NTs, partially dissolving the oxide and creating a sufficiently high electric field for ion migration and the formation of an anodic film around the external NTs walls [27] . This model implies the formation of ribs at the Metal Oxide (MO)/Electrolyte interface, whereas it has been suggested that no material is grown away from the M/MO interface and Ti ions reaching the MO/electrolyte interface are directly ejected into the solution [9] [10] [11] . The objective of this paper is to examine in detail the mechanism of formation of ribs and propose a model which holds true for both aqueous and organic electrolytes. To gain an insight on the process, we consider how the anodizing potential, time and dissolution affect the morphology of the NTs and the ribs on their surface.
Materials and Experimental Method
A commercially pure (99.6%) titanium sheet (0.5mm thick) was used as anode, with a platinum mesh acting as the cathode. Prior to anodizing, Ti specimens were ultrasonically cleaned in isopropyl alcohol. The electrolyte consisted of an organic glycerol based solution containing 2wt% water and 0.5wt% of sodium fluoride (NaF). The electrolyte's pH and dynamic viscosity prior to anodization were 6.8 and 0.5 Pa s respectively at 20°C. Anodizing was performed by applying an initial potential ramp of 100mV s -1 before holding the potential constant within the range 10-40V, while the electrolyte was slightly stirred. Anodizing times up to 20h were investigated. For comparison, a specimen was anodized at 25V in an aqueous based 1M Na 2 SO 4 , 0.5wt% NaF solution (pH ~7) solution. Specimens were examined using a Scanning Electron Microscope (SEM), (JEOL JSM6480LV), and a Field Emission SEM (FE SEM LEO 1550 with in-lens secondary electron detector) for higher resolution images. A 300x700µm 2 specimen area was employed during surface analysis and a 110µm circular spot during depth profiling. The conditions used for XPS investigations are available elsewhere [28] . Data were processed using a Computer-Aided-Software-Analysis (CASA XPS), with semi-quantitative data obtained by applying a Shirley algorithm to remove spectra background and obtain Gaussian/Lorentzian product functions, to fit multi-component peaks [29] .
Result and Discussion

XPS analysis
The XPS analysis in Fig. 1 shows the composition of a typical specimen anodized in a NaF/Glycerol electrolyte, with the main impurities being fluorine ions and carbon species. The high carbon content is related to contamination from both the electrolyte and the atmosphere, the latter can contribute up to 10-20at% on TiO 2 surfaces [30] . The rate of growth of the anodic oxide in glycerol is far slower than in water based electrolytes [31] and this is reflected in the slower development of the O1s peak, Fig.2a-c , which makes it possible to monitor the progress of the anodizing process. After anodizing for 10 minutes, Fig. 2a , the oxygen signal is dominated by organic species (533.4eV) and OH -species (532eV), the majority of which are of organic nature (C-OH groups); although the broad OH peak suggests the NTs to be effectively hydrated when grown in glycerol. After 10 minutes, Fig. 2a , the oxide component (530.7eV) accounts for only 16 .7at% of the total oxygen signal. The oxide signal becomes dominant after 60 minutes, Fig. 2b , and depth profiling, Fig. 2c , indicates that contributions due to organic species is limited to the outer layers of the anodic film, with the oxide component accounting for at least 60at% of the total O1s signal. XPS analysis of the F1s peak is important in the context of this work since it quantifies the contamination of the oxide with fluorine, which is responsible for the time dependent dissolution and morphology of the anodic film and will be discussed later. The fluorine impurity content, Fig. 2d , primarily in the form of [TiF 6 ] 2-at 684.9eV, is ~8at%, twice as much as that measured in aqueous media [28] ; this is not surprising considering the high viscosity of glycerol, compared to an aqueous media, which limits ion diffusion and the lower solubility of fluorine species in organic solutions. Since the measurement area in XPS is of the order of hundreds of µm 2 , the fluorine concentration across the anodic film on the macro-scale is relatively homogeneous, as confirmed by the depth profiling analysis in Fig. 2d , which shows no significant changes in the concentration measured before and after 180s etching of the film. It is well known that the fluorine content can be drastically reduced by annealing (below 1at% at 400ºC) [28] and that it is inhomogenously distributed on the nanoscale. Fluorine tends to concentrate on the outer wall of the NT and incorporated in an amorphous layer; it is present up to 500-600ºC, facilitating liquid phase sintering and collapse of the NTs during annealing [24] . Evolution of oxygen at the anode is also contributing to the reduction of g f . While no oxygen evolution is observed at 10V, we observe gas bubbles at the anode within the potential range 20-40V; this indicates that above 20V oxygen ions are not solely contributing to the formation of any oxide, but some are instead discharged, generating an electronic current. Furthermore gas bubbles are an obstacle to ionic migration and g f is therefore lower at 20-40V than at 10V. As will be discussed later, SEM analysis indicates that the applied potential and the formation of oxygen bubbles at the anode are also affecting the morphology of the NTs.
Effect of Anodizing Potential on Nanotube Morphology
Growth Efficiency
Further information on the anodizing process as a function of anodization conditions is gained by investigating its efficiency for a given anodizing potential. If we assume that all the anodization charge is used to form the anodic structure, it is possible to estimate an ideal thickness, that the growth mechanism occurs mainly by the 'plastic flow' mechanism rather than field assisted dissolution, the porosity of the film, P , should be taken into account since .
id
T is calculated for a non-porous film and would have a smaller thickness compared to a porous layer with the same volume of oxide. For a 'plastic flow' model the effect of dissolution is considered secondary in the formation of porosity since NTs are generated in response to a mechanical stress induced by volume expansion and electrostriction. Experimental evidence reveal that the NTs grow much larger than expected for a purely field assisted dissolution mechanism, with an expansion factor (as a result of the metal converting into an oxide) up to 3, whereas the expansion factor (Pilling-Bedworth ratio) of amorphousTiO 2 is ~2.43 [4] . The porosity P of a hexagonally self-organized the NTs array can be calculated as follows [36] :
where i d is the inner diameter of the NTs, w is the wall thickness, and l is the centre to centre distance between NTs. Considering that when grown in organic media, the NTs originate from hexagonally ordered nanopores due to preferential etching at fluorine rich boundaries (triple points) [23] and the gaps between NTs can be ignored (as they are originally filled with oxide), hence
The revised efficiency accounting porosity is therefore given by:
The efficiency was calculated using the total charge passed over the first 4h of the anodizing process, since dissolution has a considerable effect on NTs length for longer anodization times [32] . Table 2 summarises the results; the efficiency values in parenthesis do not take into account the porosity of the film and this explains some anomalous efficiencies that exceed 100%. The corrected values that account for porosity provide a more realistic overview.
NTs
 decreases with increasing potential, from 71% at 10V, to 55-58% at 20-30V and finally 14% at 40V. The drop in efficiency observed at 40V is due to evolution of oxygen bubbles at the anode becoming more significant than at 20-30V, with a greater portion of oxygen ions being discharged rather than contributing to the formation of anodic oxide. Several reasons need to be taken into account to explain the efficiency losses observed during the formation of the NTs, which grow by an ionic driven process. Some of the Ti ions are directly ejected into the electrolyte without forming any oxide [9] [10] [11] . Dissolution, although secondary, may thin away the oxide layer or detach of a section of the film and finally there may be "electronic" side reactions occurring at the anode such as oxygen evolution, which we observe for specimens anodized over the range 20-40V. As previously discussed gas bubbles are associated with a decrease of g f and, similarly, they have a negative effect on growth efficiency of the anodic film. Valota et al. [33] also reported oxygen evolution when anodizing above 40V in glycerol. The presence of oxygen bubbles and reduction in efficiency at high potentials (above 10V in our study) will inform our interpretation of the SEM observations of our specimens, section 3.4, and plays an important role in determining the morphology (smooth or ribbed) of the NTs according to the mechanism described in section 3.5.
SEM analysis
Having established that g f and NTs  decrease with increasing potential and that fluorine is present in the anodic layer, SEM analysis provides a further insight on the structural changes of the NTs as a result of anodization potential (10-40V) and anodizing time (4-20h) . From Fig. 4a-b , it is evident that NTs grown at 10V exhibit a smooth surface; they have no ribs on their wall, despite the presence of 2wt% water in the electrolyte. The inset in Fig. 4b highlights the porous layer on top of the NTs, which is a remnant of the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 initial barrier layer formed at the early stages of anodization [37, 38] ; the nano-tubular structure has developed underneath. The influence of anodizing time on the structure becomes clear by comparing Fig. 4a-b (4h) and Fig. 4c-d (20h) . The effect of dissolution is evident in the specimen anodized for 20h; Fig. 4c shows the collapse of the NTs, which clump together and is associated with loss of mechanical stability of the NTs due to excessive dissolution of the tube walls. Areas of exposed titanium are also visible where the NTs have detached from the titanium surface. The remnant NTs on the surface lie along the grain boundaries (g.b.) of the titanium substrate and have been highlighted in Fig. 4c by dashed lines. In Fig. 4d excessive dissolution of the NTs is observed, with some NTs missing a substantial portion of their wall. Two main conclusions can be drawn from Fig. 4a-d . Firstly, due to the presence of a porous layer above the NTs acting as an obstacle for the viscous electrolyte, Fig 4b, we suggest the existence of preferential paths for the electrolyte, some of which are correspondingly located at the titanium grain boundaries. If NTs are oriented differently in each titanium grain then larger "V" shaped gaps for the electrolyte could be found at the grain boundaries. As a consequence, dissolution occurs at a faster rate at these locations and NTs are more likely to break away, leaving sections of their structure on the metal substrate to mark the presence of the boundaries. Secondly, dissolution is limited after 4h (Fig. 4a-b) but certainly affects the morphology of the NTs at longer anodization times (20h), especially of those that are more exposed to the electrolyte (Fig.  4d) . Nevertheless the dissolution process alone does not induce the formation of ribs on the nanotube wall, which remain smooth at 10V. In our view, as no significant oxygen evolution is observed at 10V, the smoothness of the NTs is linked to (i) the use of a highly viscous electrolyte [22] and (ii) the absence of bubbles affecting their structure.
Increasing the potential to 20V, Fig. 5a-d , changes the morphology of the NTs. In this case all the images in Fig. 5a-d correspond to an anodization time of 20h. The growth of the anodic film is affected by oxygen bubbles not only in terms of growth efficiency and g f , but also in terms of morphology and the NTs grown at 20V exhibit ribs on their side wall, Fig. 5a-b . Having established that dissolution alone does not form ribs (i.e. NTs at 10V are smooth), it is clear that the conditions for the formation of ribs are also determined by the applied potential. It appears that ribs generally bridge adjacent NTs, as shown in Fig.5c (and inset) . Nevertheless there are areas of the anodic film in which the NTs have lost most of the ribs and are smoother in appearance, as in Fig. 5d (and inset) ; a re-shaping which is due to the prolonged effect of dissolution. Hence, ribs are more susceptible than the NTs to chemical attack and dissolution by fluorine ions. This is logical since the surface of the rib is convex and is therefore more active and the surface is more likely to dissolve than if it were flat. On comparing Fig.5c , where ribs and bridges are still visible, with Fig. 5d , where the NTs appear to have been overdissolved, it is possible to conclude that dissolution occurs to a different extent in different regions of the NTs. This supports the idea of the existence of preferential paths, due to the presence of a porous layer above the NTs, Fig. 5a inset.
More details on the origin of ribbed NTs are provided by analysing specimens grown at higher potentials of 30 and 40V. It is still possible to observe an upper porous layer, Fig. 6a top left inset, and ribs/bridging, Fig.  6b . There are regions where the NT walls have some interesting features. Rather than ribs, the presence of well-defined "oxide rings" can be observed in Fig. 6b (inset) . Furthermore regions from which the NTs have been removed, top right inset and main image in Fig. 6a , indicate that remnants of the NTs are preferentially left at the grain boundaries (g.b.) of the Ti substrate. A hybrid morphology, where the top region of the NTs are smooth, and a bottom region with ribs is shown in Fig. 6c and inset, providing further evidence of the action of the electrolyte and dissolution of fluorine ions which is greater at the top of the nanotube and acts to smooth the nanotube surface. Fig. 6d also shows smooth sections of film, likely to be collapsed regions from the top of the NTs. Similar observations can be drawn from NTs prepared at 40V, Fig. 7a-f . The effect of water in the electrolyte is clear by comparing the ribbed structure in Fig.7a (2wt% water) with the smooth structure obtained under the same conditions, but with no water added, Fig.7a inset. Again, a closer examination of the ribbed structure, Fig. 7b , reveals the presence of several oxide rings. These oxide rings are induced by the presence of water and a sufficiently high potential to ensure formation of oxygen bubbles at the anode. It appears as well defined rings are more likely to be preserved at relatively short anodizing time, 4h (i.e. limited dissolution), and ribs are observed wherever the oxide rings have been partially etched/dissolved by the electrolyte, Fig. 7c . In other words, ribs are a consequence of the partial dissolution of oxide rings. A 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 hybrid structure with a bridged bottom and a smooth top on the surface of the NTs is observed in a specimen anodized for 20h, Fig. 7d -e, suggesting dissolution is more significant at the top of the anodic structure. Whereas it seems evident that ribs are generated from partial dissolution of oxide rings, it is not entirely clear why ribs are often bridging together adjacent NTs. A possible explanation is that oxide rings may form an interlocked structure with adjacent rings as a consequence of the plastic flow pushing upward the freshly formed oxide. Partial dissolution of oxide rings leading to ribs bridging adjacent NTs and eventually to fracture of the NTs, is also shown in Fig. 7f and inset. In order to make comparison with the NaF/Glycerol based electrolyte in Figs 4-7 , we also anodized a specimen at 25V in a NaF/Na 2 SO 4 /aqueous based solution [39] . As expected the structure is highly disrupted by oxygen bubbles, generated in conjunction with the formation of the NTs, with the presence of several oxide rings, Fig. 8a, and ribs bridging the NTs, Fig. 8b . It can be argued that if a higher dissolution rate and longer anodizing time contribute to smoothening of the structure in an organic electrolyte, the presence of oxide rings should not be expected in water media, considering the conditions are far more aggressive [39] . However when NTs are formed in water media the anodic structure is highly hydrated [28] and hardens during the anodization process, ejecting some of the excess water [31, 40, 41] . We suggest that once the oxide has hardened, it becomes more resistant to chemical attack by fluorine ions and prevents complete dissolution of oxide rings and ribs.
Ribs Formation Mechanism
It is clear that several variables contribute to the formation and dissolution of oxide rings and consequently ribs on the NTs. The variables include: (i) anodizing potential, which above 10V triggers the formation of oxygen bubbles at the anode, a subsequential decresase of the anodic growth factor ( g f ) and the growth efficiency ( NTs  ), and a change in the morphology of the NTs from a smooth to a ribbed appearance (ii) anodizing time, with dissolution re-shaping the NTs at longer times as a result of fluorine ions within the anodic film (as confirmed by XPS analysis) (iii) type of electrolyte (aqueous vs organic) and the presence of water in an organic electrolyte, also affecting the degree of dissolution of the anodic oxide All these factors can account for the variation in the morphology of the surfaces of the NTs. By combining XPS, SEM and growth efficiency analysis of specimens anodized within the potential range 10-40V we now propose a comprehensive-model to explain the absence or the formation of ribs on anodized TiO 2 NTs.
Stage I (sufficient water and potential leading to oxygen evolution and oxide rings)
The presence of a fluorine rich layer on the outer wall of the NTs and inter-pore/tube regions [23, 24] and the presence of water in the electrolyte accelerate the splitting of the nanopores into NTs [27] . Hence, water is the first requirement for the formation of ribs. In addition, the anodization potential is also an important factor, as can be deduced from the smooth NTs grown at 10V (Fig. 4a-d) and ribbed NTs at 20-40V (Fig. 5-7) . As the anodizing process proceeds, oxide rings are formed on the outer layer of the NTs, Fig. 9a . We have previously proposed a growth mechanism in which oxygen evolution contributed to the formation of oxide rings and consequently NTs (stack of rings) in an aqueous system, where oxygen discharged always occurs for conditions used (applied potential ≥ 20V) [31, 40] . From this investigation in an organic media, it can be concluded that oxygen evolution is not necessary for the development of the NTs, as suggested by NTs grown at 10V where oxygen evolution does not occur. Nevertheless, whenever oxygen bubbles are formed, they affect the NT's morphology and induce the formation of oxide rings.
Stage II (partial dissolution of upper part of NTs converting rings into ribs)
As the NTs growth proceeds at the M/MO interface, the initially formed oxide rings are now on the upper part of the NTs and since fluorine ions partially dissolve the structure they are re-shaped from oxide rings to ribs Fig. 9b , often bridging adjacent NTs. Considering the higher fluorine concentration on the outer layers and inter-pore/tube regions, oxide rings and ribs are more readily dissolved than the main NTs structure. The rings are present as an artefact of the formation process when the collapsing structure is pushed out by the visco-plastic flow and their formation is aided by gas evolution at the anode. As a consequence of freshly formed oxide being pushed upwards, we suggest that oxide rings contact adjacent rings on the nearby NTs   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 forming an interlocked bridged structure. As the anodization proceeds, the dissolution of parts of the rings takes place where they are least dense and where electrolyte diffusion is possible. The result is the formation of ribs holding the NTs together.
Stage III (entire NTs array exhibit ribs and bridging)
As the NT growth reaches the limit determined by the conditions (applied potential, electrolyte, time) at the zero growth boundary, chemical dissolution further re-shapes the morphology of the NTs and the oxide rings disappear whereas ribs are visible across the entire length of the NTs, Fig. 9c . At this stage dissolution also affects the main NTs structure and thinning of the upper part of the NTs is observed (not in Fig. 9 , but visible from Fig.5 c-d) . Eventually the structure collapses as in Fig. 4c . The presence of a hybrid structure with a ribbed bottom and smooth top is finally observed when upper ribs are completely removed by dissolution, as depicted in Fig. 9d . Considering dissolution is not homogeneous over the entire NTs array, the upper section of the NTs occasionally exhibit non-dissolved rings, as in Fig. 6b and 7b.
The model described here is based on observations made in an organic electrolyte containing 2wt% of water, but it is also valid for aqueous electrolytes. Clearly dissolution phenomena are much more vigorous in water and together with oxygen evolution they significantly disrupt the morphology of the NTs, Fig. 8a-b . Partially smooth NTs are therefore not observed in NTs prepared in water, which in contrast always have ribs and bridging. We suggest that ribs are not totally dissolved as they harden by ejecting excess water and become more resistant to attack by fluorine ions.
Conclusions
This work has dealt with the formation of ribs on the walls of anodized TiO 2 NTs. A minimum amount of water (few wt%) is necessary to induce the formation of the ribs [21, 22, 33] , but the anodization potential also needs to be above a critical value. In our case the critical potential is about 10V, but it is expected to be generally determined by the nature and composition of the electrolyte, water content and fluorine concentration. In summary, the following conclusions can be drawn:
Growth efficiency and anodic growth factor are observed to decrease with increasing anodizing potential. This can be ascribed to an increased ejection of Ti ions into the electrolyte without forming any oxide and also to evolution of oxygen bubbles at higher potentials (20-40V) (ii) Oxide rings on the outer wall of the NTs are formed when anodizing above 10V (i.e. when the potential is sufficient to cause oxygen bubbles at the anode) for the conditions used in our investigation. At 10V gas bubbles at the anode are not observed and the NTs are smooth. As the oxide rings are more exposed to the electrolyte, have a convex shape and are fluorine rich the rings are more easily dissolved than the main NTs structure. Adjacent oxide rings coming into contact as freshly formed oxide is pushed upwards for effect of the plastic flow may form an interlocked bridged structure (iii) If the potential is above 10V and oxygen bubbles and oxide rings are formed, partial dissolution of the oxide rings leads to formation of ribbed NTs, with ribs bridging adjacent NTs. Dissolution alone is not a sufficient condition for the formation of rings/ribs as confirmed by the smooth NTs obtained at 10V
(iv) Eventually ribs on the upper part of the NTs are completely dissolved and a hybrid morphology of the anodic film is observed, with a smooth top and a ribbed bottom
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